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CHAPTER ONE
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1.1 Water for food security
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1.2 Irrigation water management
1.2.1 Overview
@(        (  

 

	(;F	 
 (. $

	 ((   * (=(	( 	*
 	 

 (  
*

	 5%
=  
.; ,//07. :; * ((  F	 
 	5A 
.;1002*7. %(
;

>
  (   (  
  	  	
	



(5%&;,/117.
$
((	 *(( 	

.  (	
	
 	
 	 	 	

. % (E       E   
  
(
	E5A;1023< 
.;,//37.
4
(((


((


	*
5A

.;1002*7. $ *
( F	 

	
5 
.;
,//37;*	 #(!5#!7 
(*
  


5B	
.;,/1I7.
     	
	  (   	;  
=(
  (
  5%&; 100H7.   	
;   
	
>
E (
  

*5#*
.;,///7 	  F	F	
 	

(	 5%&;100H7. $;
E*

  =  * 
. $



**

(E(  
>
(.
Chapter One: Introduction
I
1.2.2 Irrigation performance assessment
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1.2.3 The Remote Sensing (RS) approach to agricultural water management
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1.2.4 The impact of irrigated agriculture on basin hydrology
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1.3 Large-scale irrigation schemes in the Nile Basin
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CHAPTER TWO
1. DESCRIPTION OF THE GEZIRA IRRIGATION SCHEME
2.1 Geographical description
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2.3 Management authority
2.3.1 Administrative structure
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2.3.2 Institutional management
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2.4 Water resources
2.4.1 Irrigation water system
Water storage. $A
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Conveyance and water distribution system. $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2.5 Crops and water demand
2.5.1 Cropping pattern and yields
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2.5.2 Crop water requirements (CWR)
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CHAPTER THREE
ASSESSING THE IRRIGATION PERFORMANCE OF
GEZIRA SCHEME*
3.1 Introduction
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3.2 Material and methods
3.2.1 Source of data
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3.2.2 Crop and actual evapotranspiration
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3.2.3 Irrigation supply indices
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3.2.4 Rainwater supply assessment
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3.2.5 Productivity of land and water
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3.2.6 Monitoring of spatial efficiency
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3.3 Results and discussion
3.3.1 Crop stress
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3.3.2 Irrigation supply indices
3.3.2.1 Annual assessment
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3.3.2.2 Seasonal assessment
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3.3.2.3 Monthly assessment
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3.3.3 Rainwater supply
$ (
  
	    $*
 I>, 5	 
   
%= $7. *  9	C!(*; >	
  9	
C%		.$
	
(
@% 


1.//; 
	 I>H;		
(	(.:;


			( 59	
%		7 (

  5/.I3C/.3-7; 
  @%     (
 
5/.3C/.27	(.$
@-/1C2GI ((;
G1GC020 (( 1/13C1IIG (( 	(;		;
; 
	1-/ (( 	(  		; 	I// (( 	

*

		
.
Chapter Three: Assessing the irrigation performance of agricultural scheme
I0
	 I>H.@	%
*
 =5@% 7  9	
%		
 
 #@%(	
	
;*	
( 	 I>2 (((	


9	
%		.&
;   	
(9	
F	
/.GH;/.30/.3G
 #@%;			(;
. 	1,	-/
  #@%    ;(
 
	
.%
; 			(;3  	-/#@%

	   . %		;#@%
	 1 1-
Chapter Three: Assessing the irrigation performance of agricultural scheme
3/
;-/>  /.H0;*	    .
A;-/>#@%			(  	


( 3/L (.	(;

*	
	 ,-L (.A	
;
	


	
*	
; *	(
	;

9	
%		.
	 I>2.#@	%
*
5#@%7  9	
57%		5*(7
Chapter Three: Assessing the irrigation performance of agricultural scheme
31
3.3.4 Water productivity
3.3.4.1 Crop yield
$
(	
 	 I>0 !(
 10H/C,//G.	
*
; ** 

		  	
 (>102/ 

  
( 	  5"
* 
@

 ,///*<"
*; ,//07  *  .$ (  



	(
5=10H-JHGC
102,  7 *  	 ; *	 *    	>

5#
.;102I7.$(	(
,///
(*
=.:;
(
(;
	(*
 *	   
*  (>10H/;


  *
	5@	*;,/137.
	 I>0.?
  !(
Chapter Three: Assessing the irrigation performance of agricultural scheme
3,
$
  !(	 * 		 5,.0HJ7; 



 5/.3J7.$(
		;	(
1.2;1.G1.IJ;
.%
;*

*
 *

(*%&5,/117%&5,//07; 
; I.2C-.H
JI.IC3.1J.	(;		

=8

I-L;3HL;-ILG1L%	
;?; ";

5A	A;,/1/7.%&5,/117( *



		

   !(
		
F	(*	(.%  %&
'
	  !	5,//27;%&5,/117;

  d
e 5>> 
7;  F	
*	 (.$((	

*,-LC-/L.%>(

; ((( 



	
;

	(		
5 *(
.;,//,7. $(B"	; 
	*
F		
(
;

%
!
;	(
*	-/L5!E
.;,/1,7.
$=(
;
*

 
	( =
. (  

  **
.$
(	

	
(  !(. 
(
  
.#,  /.3-;/.-//.33	(;		
; 
. $  

 57   >
   

/.///G3;/.///,I/.///,I;
; (F	.&
;

5#, ]/.//I  ]/.03/17. $ *

	  
=	((
; 
* 
	( 
(  !(
  
 . @;  
       
 
;


5%&;,//07.
3.3.4.2 Water Use Efficiency
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3.3.5 Monitoring of spatial efficiency
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CHAPTER FOUR
DETERMINING THE OPTIMAL REMOTELY SENSED
APPROACH TO OBTAINING ACTUAL
EVAPOTRANSPIRATION FOR THE GEZIRA SCHEME
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4.2 Materials and methods
4.2.1 Model selection
$( 
*
#!(  ("$      	
*
(5A
.;,//-< ((

.;,//G<!
.;,//H<
%


.;,//27;*		



.  ((

.5,//G7
(((

		. ;
    #!(;      (  

(
5%


.;,//27		

	5%


.;,/117.:;
*
(

"$ *#!;	!"A%5A
.;1002;1002*7;!>!"A 5#

.;,///7;@"$# ?5%


.;,//H7;"$5
	(
.;,/1/7!!"A 5!

.;,/1I7.
$ !"A% 
( *
 	 
   	
	




5
	(A;100G<A

.;1002*<A;,///<%


.;,//-< ((

.;,//G<A
.;,//H;
,//H*; ,//2< %(  
.; ,/1/7. $ "$ (
       !"A%

(*  %@!#(>"&!5%@!#>"7
(5
	(
.;,/1/7.:;  %@!#>"
&* 3;,/115'%!%;,/1I7. ;@"$# ?(	;

F	  	*!"A%(
5$;,//G<%


.;,//H<%


.;
,//H*<%


.;,/11<@
.;,/1I7;  !"A%@"$# ? ((
 	
 5
  
.; ,//07;     *  !	. ?F	
; !"A% 
@"$# ?     ;     
>( 
 

5 ((

.;,//H7

(
*
. !"A%@"$# ?
*((
	 (
 ("$;(
=
5 ((

.;,//G<!
.;,//07.$;!(
!	"A

5!!"A75!
.;,//H7;(
!"A%@"$# ?;
 
	.
Chapter Four: Determining the optimal approach for ETa estimation
-3
4.2.2 Source of data
4.2.2.1 Remote sensing
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4.2.2.2 Ground-observed data
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4.2.3 Energy balance method
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4.2.5 MOD16 evapotranspiration
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4.2.6 Seasonal ETa extrapolation
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4.2.7 Validation of ET estimates from the models
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4.3 Results and discussion
4.3.1 Evapotranspiration models validation
4.3.1.1 Daily bases
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4.3.2 Spatial variability of actual evapotranspiration
4.3.2.1 Daily ETa
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CHAPTER FIVE
MONITORING WATER ABSTRACTION FROM LARGE-
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5.2 Material and methods
5.2.1 Agricultural water policies for the Gezira Scheme
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5.2.4 Source of data
5.2.4.1 Remote sensing
$	!!"A(
;$	.

(	
 	* 	    
 
	5 I/(7. $$ (@ 5 $@7
5-7;"$@N5H725@,/1I7(
(
!!
*
)	
5
)7*5!!;,/137.$
581HI
8-/7	;	
	03L
.%
	
 	
*  F	   	;  (
 F	 51G>7  
	

(*(	((.$;@& !
$	2>(5@&11%,7
	;((*
!  
.5 ,//H7.! 

;  
	 	   ( 5 9	C%		7
( 

((@&11%,	.?F	
;
@& !
$ 5@&11%17 	 	    * @ &11%,  	   
(.A @ &11%1 @ &11%,   
 
	 1// /(  

('%!%5@

;,/137. (!(

	g 1L	g-L  @& !*  ,///C,/13;
( @ * %
 ; 
  $*
->1  
	((;$*
->,.
 
Chapter Five: Monitoring water abstraction from agricultural areas 


2/
$*
->1.$	@#
	 (
!(5@& !7

(	((
Sensor/Year Landsat MOD11A2 MOD11A1
2000 12I;I11 1G0;,G-;,20 1--;1G,;1H3;
,1H;I,2;,33
2001 ,30 1G1;10I;,31 Y
2002 ,G2 1G1;1HH;,-H;,20;I1I 1-2;1H-;,11;
,12;,1I
2003 ,H1;I10 10I;,20 Y
2004 13G;,1/;,3,;,0/;
I/G
Y Y
2005 132;,0,;I/2 ,/0;,,-;,G- Y
2006 1-1;,I1;,H0;I11 ,/1;,G- 1H3;12H;,/2
2007 ,GG;,2, ,,-;I1I 1G2;,/1
2008 1G-;,G0;I/1;I1H Y ,/G
2009 ,2H;I11 1G1;,,-;,G- 1-I;1HH;101;
,11;,,I;,I/;,I0
2010 I13 1G1;12-;,,-;,G-;,20 12H;,/I;,1/;
,10;,,G;,3,
2011 120;,-I;,0I;I/0 ,G- 1-3;1G/;1HG;
1H0;,,/;,,0;,I3
2012 ,2/ ,-H;,G-;,HI;,20;,0H;
I1I;I,1
1-3;1G1;1H/;
12G;10-;,/0;
,12;,I/;,3I
2013 ,-2;,02 ,G-;,HI;,21;,20;,0H;
I1I;I,1
1-3;1GH;1HH;
12I;10I;,/H;,I3
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Sensor/Season Landsat MOD11A2 MOD11A1
2000/01 31 I-I;,-;21 Y
2001/02 I3-;1,;HG 30 Y
2002/03 Y I-I;1H;30;HI Y
2003/04 -/;G,;22 IG1;,- Y
2004/05 IG1;3;IG;-,;G2;23;20 Y Y
2005/06 I3/;I-G;H;,I;--;H1;20 Y Y
2006/07 I3I;I-0;1/;,G;30;21 Y Y
2007/08 I3G;1I;3-;HH Y Y
2008/09 1-;3H;H0 I-I Y
2009/10 I3I;1/;,G;I3;-/;GG Y Y
2010/11 IG, IIH;1H;30;HI Y
2011/12 I31;I-H;,3;3/;H,;22 Y Y
2012/13 I33;IG/;1/;,G;3,;-2;
0/
HI Y
2013/14 II2;I-3;-;IH;-I;HH;2- ,- Y
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5.2.4.2 Ground-observed data 
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5.2.4.3 Data preparation 
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5.2.5 SSEB model performance evaluation
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5.3 Results and discussion
5.3.1 Model performance evaluation
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5.3.2 The scheme level
5.3.2.1 Spatio-temporal assessment 
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5.3.2.3 Monitoring water diversion 
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5.3.3 The administrative levels
5.3.3.1 Longitudinal spatio-temporal assessment
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5.3.3.2 Model performance by ETa–iNDVI for all groups 
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5.3.4 Evaluation of the applied water policies 
$"$') (
1-

	


.A	2-L
	

		((
;          
	 
 .  
;*		.$	;

9	C'(*.	->10
*
"$') !(	 	(( .$

	 
"$5A?@7 (') 
	
=
  
	 ;  
	  
	
   	
	

 ; * 
 
.A 	   *  ;  
 >	 ;   
	
	

;
	 
.% *;("$ 
; 	5]/./G7;1I;
5]
/./I-7 *   ') ;       
*
*	   	 
		.

	->10.)(
	
5"$7
') 5') 7!(		((
 "$
		
') .$	
*

F	*
*		(("$


.%	
*>	(
"$
	;
Chapter Five: Monitoring water abstraction from agricultural areas 


1/G

**
. (
		"$(;
 
 *" $  	
	
 5 "$7  
" $ (! !"A
5"$	(7 
 	
. $"$ J"$	(    
 (; 


	
	



(
		."$*(	
	
=

;*

	
') (==
. 	
	
=

	
/.,-5 :

 
;,//I< %(*$	;,//-<    
.;,/1/7 .   
	 ;  =
 ')  (=   
	  /.I    
	
	
 
  !(."$	(   	(("$ *
; 	

;	
	

.	->,/
"$  "$	(   	
*     5  ]/./-7    . $
	
 !( (	
	
	
 	   . $   	 	
,//-; 
B%	.$;	


,/1/;	
*

*
(
.

	->,/.)	
	
	
5"$7

	
5"$	(7!(
 
Chapter Five: Monitoring water abstraction from agricultural areas 


1/H
5.4 Conclusions
!	((        ,///C,/13  
   !(  (	   !!"A (
;    @& !


(. ;') 		(.
$
		
(*=

	51///(7
1H(	.$(
5@
7

(.$	
	((

8
1. 	 
   
 ;  	 ( 	  

*	*
	
	.
,. !

;
"$ ')  !(	

;
.$

>
') 		


(
	;"$
*	.
I. B;(
!(.
3. "$') 

;#,
	/.I-C/.2/


5]/./7;;
;

(

*.
-. %   
 * ')     	
 
*;  #, 
	 /.0,;/.2H  /. 0H  	((;   	

;
5f/.//17.
G.    
;   	
   
 5 %* 	 	7  
		   	((  ; 
 " $  ')  
	 

* 
1-.!	:	;

;"$') 
	;

*
		.
H. (;("$1/;

    *  ') .% 
;  "$J"$	(   
.$	

!((		
	
	.
$
*
*		
	
	
	.


Chapter Six: Possible irrigation management scenarios and their implications


1/2
CHAPTER SIX
POSSIBLE IRRIGATION MANAGEMENT SCENARIOS 
AND THEIR IMPLICATIONS FOR DOWNSTREAM FLOW
6.1 Introduction
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6.2 Material and methods
6.2.1 A drought monitoring tool for the Gezira Scheme
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6.2.2 Water harvesting for the Gezira Scheme
6.2.2.1 Definition and categories of water harvesting 
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6.2.2.2 crops water requirements
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6.2.2.3 Designed rainfall amount 
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6.2.2.4 Design model for the catchment
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6.2.2.5 Water harvesting recommended techniques
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6.2.3 Implications of improving irrigation performance on downstream Blue Nile flow
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6.3 Results and discussion
6.3.1 The Monitoring assessment
6.3.1.1 Spatio-temporal monitoring
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6.3.2 Water harvesting potential
6.3.2.1 Crop water requirements 
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6.3.2.2 Designed rainfall amount 
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Probability
Return period 
(years)
Rainfall (mm)
Standard deviation 
(mm)
/./1 ,//./ -,2., 33./
/./1 1//./ -/I./ IG.0
/./, -/./ 3HG./ I/.,
/./3 ,-./ 33G.H ,3.I
/.1/ 1/./ 3/,.- 1H.2
/.,/ -./ IG,.- 13.G
/.II I./ I,G.I 1I.I
/.-/ ,./ ,20.- 1,.H
/.GH 1.- ,-I., 1,.-
/.H- 1.I ,I3.I 1,.G
/.2- 1., ,/-.H 1I.-
/.0/ 1.1 12G.2 13.G
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6.3.2.3 Design model for catchment
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6.3.3 Implications of improving irrigation performance on downstream Blue Nile flow
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6.4 Conclusions
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APPENDIX TWO
A.2 OBTAINED AND ANALYZED DATA 
A.2.1 Seasonal crop evapotranspiration (ETc)
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A.2.2 Monthly probability analysis for Wad Medani station
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A.2.3 Monthly probability analysis for Wad Medani station
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APPENDIX THREE
A.3 ENERGY BALANCE MODELS (SEBAL AND METRIC)

A.3.1 SEBAL and METRIC manual
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A.3.1.3 Energy balance equation 
$ 
  * 
 F	 5P"$ ]# C C:7; (  (  

	


.
A.3.1.3.1 Calculate Rn the net radiation flux at the surface (W/m2)
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D. C. Outgoing longwave radiation (#s)
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5. Model F05 (NDVI, SAVI and LAI)
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7. Model F07 (Effective at Satellite Temperature (Tbb))
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8. Model F08 (Surface Temperature (Ts))
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9. Model F09 (Outgoing Longwave Radiation RL)) 
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E. D. Choosing the “Hot” and “Cold” Pixels
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F. E. Incoming Longwave Radiation (RL&)
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G. F. Solving the Surface Radiation Balance Equation for Rn
10. Model F10 (Net Surface radiation Rn)

B8
1. q8!	%
*(@
/353>.7
,. #!x8 (
I. #x8 (
3. #s8&	(@
/050>#.7
-. wy8!	"((@
/G5G>.7
)
	#(1//CH//BJ(
,
;	.$(

!"A%J@"$# ?	.$		
1/>#..











Appendix Three: Energy balance models (SEBAL and METRIC) 


1G0
A.3.1.3.2. Soil Heat Flux (G)
11. Model F11_ (Soil Heat Flux (G))
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A.3.1.3.3. Sensible Heat Flux (H)

p]1.,,-J(I;51//39JJ47;$547(	5$1C
$,7*51,7;(5J(7.
A	!"A%=
"@
;=*
	
8
1. $( (	( 	
 5 (7 ( 

 ( (   
		

F	5A	;102,78(]/.1,
Appendix Three: Energy balance models (SEBAL and METRIC) 



1H/
(]/./1-
	
.
,. $B5,//(7
I. $((	(	
5+(7
12. Model F12_ (momentum roughness length (Zom))
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13. Model F13_ (The friction velocity (u*) and 
Aerodynamic Resistance to Heat Transport (rah))
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14. Model F14_ (Sensible Heat Flux (H))
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A.3.1.3.4. Evapotranspiration (ET)
C. Instantaneous ET (ETinst) and Reference ET Fraction (ETrF)
15. METRIC Model F15 (Instantaneous ET (ETinst) and 
Reference ET Fraction (ETrF))
1. Instantaneous ET (ETinst)
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3. 24-Hour Evapotranspiration (ET24) 
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C. Instantaneous ET (ETinst) and Evaporative Fraction (EF) 
15.  SEBAL Model_M15_Evaporative Fraction (EF)
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16. Model_M16_Evaporative Fraction (EF)
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T322 (17-Nov-2004) = 0.19 + 0.557 (0.91) 
Tday 0.701532
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Equation 4.26 is calculated using the excel sheet  
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4. Seasonal Evapotranspiration (ETseasonal) 
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